Abstract: Phosphorus (P) can be a limiting nutrient in terrestrial ecosystems and adding biochar or wood ash can increase plant-available P. We added wood ash and biochar to microcosms containing three acidic Ontario soils planted with red pine or sugar maple seedlings and observed seedling growth responses, as well as amendmentinduced changes in soil P pools, microbial P, and enzyme activity. Neither ash nor biochar consistently increased seedling growth; instead sugar maple and red pine seedlings often had opposing responses to the same amendment-soil combination. Overall, these results indicate that it is important to carefully consider both the chemical and physical characteristics of the soil and the ash or biochar, as well as the nutrient requirements of the target tree species, to effectively use these amendments to reduce P limitation.
Introduction
Phosphorus (P) can be a limiting nutrient in terrestrial ecosystems with high levels of nitrogen (N) deposition, including Central Ontario (Watmough and Dillon 2003; Gradowski and Thomas 2006) . Plants take up almost all of their P as monovalent or divalent orthophosphate anions (H 2 PO 4 − or HPO 4 2− ), but concentrations of these bioavailable phosphates are generally far below optimal concentrations for plant growth as occluded P can be protected chemically and physically (Hinsinger 2001; Whalen and Sampedro 2010) . When the orthophosphate concentration is low, the dominant P process is the adsorption of phosphate ions to organo-mineral soil constituents, such as iron (Fe) or aluminum (Al) oxides, Al silicates, calcium (Ca) carbonates, or the surface of clay minerals or organic matter (Hinsinger 2001; Richardson 2001; Plante 2007; Whalen and Sampedro 2010) . These complexes are formed using weak electrostatic bonds, so the P is easily desorbed (Whalen and Sampedro 2010) . Conversely, when the orthophosphate concentration is high, soluble P precipitates with metal cations such as Ca and magnesium (Mg) phosphates in alkaline soils or as Fe and Al phosphates in acidic soils, which are considerably more stable than the bonding of P to anion exchange sites (Hinsinger 2001; Richardson 2001; Plante 2007; Whalen and Sampedro 2010) . These phosphate minerals make up a large percentage of soil P (Hinsinger 2001) , but soils also typically contain many forms of organic P, such as phytate, nucleic acids, and phospholipids (Plante 2007) , with organic P composing 30%-50% of total soil P (Richardson 2001; Plante 2007; Richardson et al. 2009 ). Additional P inputs from weathering are typically only a small portion of an ecosystem's P budget, so the recycling of these organic forms is quite important for overall soil P levels (Badalucco and Nannipieri 2007; Whalen and Sampedro 2010; Binkley and Fisher 2013) . In neutral and alkaline soils, pH plays a large role in the bioavailability of orthophosphates. Soil pH can affect both the presence of the metal cations with which orthophosphate precipitates as well as the ability of Fe and Al oxides to hold P ions (Hinsinger 2001; Plante 2007; Whalen and Sampedro 2010) . A pH of 6.5 generally maximizes P availability because there is minimal Al and Ca precipitation (Plante 2007; Whalen and Sampedro 2010) . As the pH of the rhizosphere increases, phosphate salt solubilities increase, resulting in more free orthophosphates available for plant uptake (Richardson 2001; Badalucco and Nannipieri 2007; Whalen and Sampedro 2010) . This is especially true for the dissolution of Caphosphates in the acidified rhizosphere (Hinsinger 2001; Whalen and Sampedro 2010) . However, too much acidification reduces P bioavailability because the ability of Fe and Al oxides to hold orthophosphate ions increases at a low pH (Hinsinger 2001) .
Microorganisms can alter the soil pool of orthophosphates available to plants through four main pathways: (1) increasing bioavailable P by solubilizing inorganic P, (2) increasing bioavailable P by mineralizing organic P, (3) producing phytohormones that increase root growth and thus enhance the plant's ability to take up P from the limited available pool, and (4) decreasing P availability through immobilization of P in microbial biomass (Richardson 2001; Plante 2007; Richardson and Simpson 2011) . Although phosphatase activity is very important for transforming P into plant-available forms, insoluble inorganic phosphates need to be solubilized before phosphatases can work (Lapeyrie et al. 1991) . Phosphorus solubilization by the microbial community is consequently a major driver of P bioavailability and thus plant growth (Rodríguez and Fraga 1999; Richardson 2001) .
This highlights the importance of measuring plantavailable P in soils and working to further understand what controls it. Furthermore, monitoring the nutrient concentration of microbial biomass can indicate soil nutrient status trends; Powlson et al. (1987) proposed that a change in microbial biomass P may be an early indication of successfully remediating P-limited soils. Changes in plant-available P can be quantified in several ways, including by measuring an increase in extractable soil P (Biederman and Harpole 2013) . It is also possible to measure the quantity of P in plant tissue and microbial biomass, which can be particularly useful when comparing multiple soils.
Biochar and wood ash are soil amendments that have the potential to increase plant-available P, both by raising the pH of acidic soils and by directly supplying P in the biochar or ash particles themselves (Augusto et al. 2008; DeLuca et al. 2009; Saarsalmi et al. 2012; Biederman and Harpole 2013 , and Ca 2+ that complex with P in the soil solution, increasing P availability (Xu et al. 2014) . Biochar and ash can also affect the soil microbial community, which may indirectly increase soil P availability. Furthermore, microbial turnover of P is particularly important after ash addition, due to the slow dissolution of P from the ash granules (Clarholm 1994; Mahmood et al. 2002 Mahmood et al. , 2003 .
Although biochar and ash typically increase soil P availability and consequently plant uptake of P (Augusto et al. 2008; DeLuca et al. 2009; Novak et al. 2009; Biederman and Harpole 2013) , the mechanisms of this P provision are not thoroughly understood and could be either from chemical reactions or from microbial responses to additional P. Without a complete understanding of these mechanisms, biochar and ash amendments cannot be designed to maximize their utility in P-depleted soils. Biochar and ash effects on P availability can also vary widely depending on the soil texture and the dominant plant species. Acidic soils typically have stronger responses to biochar than alkaline soils (Cui et al. 2011; Biederman and Harpole 2013; Xu et al. 2014 ) and ash amendment effects on P availability are strongest in P-limited soils (Wallander et al. 2005) . However, despite this variability, few studies have systematically compared effects in different soils planted with different species under the same amendment and growth conditions. For example, Xu et al. (2014) compared P effects in three soils with varying rates of biochar addition, but did not incorporate a plant aspect and Erich and Ohno (1992) compared ash effects on P availability in eight different soils, but all were planted with corn seedlings. In addition, most previous biochar studies have occurred in agricultural soils; the nature of biochar in forest soils is relatively understudied, especially in terms of P provision. Ongoing field studies in Ontario forests have tested the effects of amending forest soils with 5 t ha −1 of biochar (e.g., Sackett et al. 2014; Noyce et al. 2015 ) and 1-8 t ha −1 of wood ash (e.g., Gorgolewski et al. 2016; Noyce et al. 2016 ) and found minimal effects, but there may be a higher threshold above which substantial changes in soil chemistry will occur. This study focused on the effects of three amendment rates of biochar and wood ash on growth and biomass allocation of two common Ontario tree species (sugar maple and red pine), as well as P uptake and bioavailability in three acidic forest soils during a 12-wk growth chamber incubation experiment. These species represent two major forest conditions found in south central Ontario (red pine plantations and natural hardwood forests dominated by sugar maple), have varying nutrient requirements, and are both economically important in the region. Specific aims of this study included (1) Do biochar and ash enhance sugar maple and red pine growth in P-limited, acidic forest soils? (2) Do these amendments increase bioavailable P in soils and are effects consistent across different combinations of soil texture and tree species? (3) If bioavailable P does increase, is it partially mediated by the soil microbial community or solely by chemical reactions?
Increases in bioavailable P were assessed as changes in P in the soil, plant tissue, and microbial biomass. An increase in microbial biomass P is typically an early indicator of P-limitation remediation because once the microbial biomass turns over, the microbial P will be released for plant uptake (Powlson et al. 1987; Clarholm 1998) . To determine if increases in bioavailable P were microbially mediated, we assessed experimental effects on both microbial biomass P and phosphatase activity.
Materials and Methods

Experimental design and sampling
All three soils used for this experiment were collected from Great Lakes -St. Lawrence forests overlying the granitic Precambrian Shield; a coarse acidic sand (pH 5.6) was collected from a white pine plantation, an acidic sandy loam (pH 4.7) was collected from a tolerant hardwood forest dominated by sugar maple, and an acidic fine silty sand (pH 4.7) was collected from a red pine plantation. All three soils were classified as Dystric Brunisols (Soil Classification Working Group 1998), based on personal observations of soil pits dug at each site. Hereafter, these three soils are referred to as sand, sandy loam, and silty sand, respectively, however, it is acknowledged that other factors also varied across the three soils, such as vegetation, climate, and nutrient availability. At all sites, the forest floor organic layer was removed and mineral soil was collected down to 40 cm. Soil was thoroughly homogenized prior to use.
Sugar maple (Acer saccharum) and red pine (Pinus resinosa) seeds from the Ontario Tree Seed Facility (Angus, ON, Canada) were germinated in 125 mL coneshaped pots with a 4 cm diameter opening (Ray Leach SC10 Super) filled with each soil type. After establishment, seedlings were randomly assigned to one of seven treatments, with seven replicates of each soil-speciestreatment combination. The treatments consisted of controls with no ash or biochar added or pots with 0.63 g biochar, 2.51 g biochar, 6.29 g biochar, 0.50 g ash, 2.01 g ash, or 5.03 g ash added directly to the soil surface. These addition rates were calculated based on the surface area of the pots and were equivalent to adding 5, 20, or 50 t biochar ha −1 or 4, 16, or 40 t ash ha −1 , to match addition rates in ongoing field studies. Biochar was batch processed from sugar maple sawdust and pyrolyzed at a maximum temperature of 450°C, which should mean minimal P was lost during the pyrolysis process (Bridle and Pritchard 2004; Atkinson 2010) , as P volatilizes between 700 and 800°C (DeLuca et al. 2006) . Ash was mixed fly and bottom ash from a biomass boiler burning spruce, pine, and fir bark. Biochar and ash properties are provided in Table 1 . Throughout the experiment, seedlings were kept in a growth chamber with a 14 h photoperiod (photosynthetic photon flux density 265 μmol m
), 50% relative humidity, and temperatures of 24°C day and 18°C night and watered as needed based on visual assessment of the soil.
Seedlings were destructively harvested after 12 wk, before they started to senesce. Individual root, shoot, and leaf or needle biomass were obtained and leaf and needle area were measured using WinFOLIA and WinSEEDLE (Regent Instruments). Soil in each pot was thoroughly homogenized and a subsample from each was immediately frozen for microbial analyses; the remainder was air-dried and sieved to 2 mm for chemical analysis. Due to time and resource limitations, chemical and microbial analyses were conducted only on controls and the medium amendment rate treatments ).
Soil and plant tissue chemistry
Soil and plant chemical analysis were conducted in the OFRI Geochemical Laboratory (Sault Ste. Marie, ON, Canada) following the methods described by Kalra and Maynard (1991) . Soils were air-dried and analyzed for Bray-1 extractable P. Ca, K, Mg, Mn, and Na were determined by an ammonium acetate digest with selenium dioxide as a catalyst followed by analysis on an Genesis ICP-OES (SPECTRO Analytical Instruments, Kleve, Germany) and total C and N were determined by combustion analysis using a VarioMax CN analyzer (Elementar Analysensystem GmbH, Langenselbold, Germany). Soil pH was measured in extracts of 10 g of soil to 40 mL of 0.5 mol L −1 K 2 SO 4 . Soil moisture was determined gravimetrically. To provide sufficient mass for analysis, plant tissue was rinsed, dried, ground, and pooled per treatment. The ground samples were then digested in a Se solution and analyzed for P, Ca, K, and Mg on an ICP. Total C and N were determined as for the soil samples.
Microbial biomass
Microbial biomass was assessed through chloroform fumigation followed by extraction with 0.5 mol L −1 K 2 SO 4 (Vance et al. 1987) . Extracted samples were filtered through 0.45 μm glass fiber filters and frozen until analysis. Microbial biomass was calculated as the difference in C, N, or P between fumigated and unfumigated samples. An extraction efficiency coefficient of 0.4 was used for microbial biomass P, based on the assumption that only 40% of the P in the microbial biomass is extractable following chloroform fumigation (Brookes et al. 1982) . Microbial biomass C (MB-C) and N (MB-N) were measured on a Shimadzu TOC/TN analyzer. Microbial biomass P (MB-P) was determined using a microplate malachite green colorimetric procedure (D'Angelo et al. 2001) as described by Jeannotte et al. (2004) . Each sample was analyzed in duplicate.
Extracellular phosphatase activity
Potential phosphatase activities were measured in soil suspensions using colorimetry, following a modification of the procedure described by Popova and Deng (2010) . A 3.00 g subsample of soil was mixed vigorously with 240 mL of deionized water for 30 min. While continuously mixing, sixteen 150 μL aliquots were pipetted into a 96-well plate. A 50 μL aliquot of 60 mmol L −1 p-nitrophenol substrate was added to the eight sample wells and a 50 μL aliquot of modified universal buffer (Tabatabai 1994 ) was added to the eight control wells. Substrates were made using modified universal buffer adjusted to either pH 6 or pH 11, to assess acid and alkaline phosphatase activities, respectively, and four analytical replicates were conducted for each samplesubstrate combinations. Microplates were incubated at 37°C while continuously shaking, after which all reactions were terminated with 50 μL of 0.50 mol L −1 NaOH.
Absorbance of each well was measured at 405 nm using a microplate spectrophotometer.
Statistical analyses
Statistical analyses were performed in R, version 3.1.2. Grubb's test was used to identify and remove outliers (<1% of dataset). Analysis of variance (ANOVA) was used to assess overall effects of amendment addition on seedling biomass, microbial biomass, soil pH, and phosphatase activity, with Tukey's HSD for post hoc tests. Pearson's correlation tests were used to investigate relationships between seedling characteristics and ash and biochar addition rates, as well as between other components of the dataset. Non-normal data (according to Shapiro-Wilk test) were log or square root transformed prior to calculating correlations.
Results
Soil physicochemical properties
Physicochemical characteristics of the silty-sand-, sand-, and sandy-loam-textured soils differed with the silty sand and sandy loam having lower pH than the sand (Fig. 1a) . Ash addition of 16 t ha −1 increased soil pH by at 
Soil textural class
Soil moisture (g water g -1 soil) least 0.4 and 0.6 pH units in all microcosms (Fig. 1a) , though effects were strongest in the sand. In contrast, biochar addition of 20 t ha −1 had variable pH effects, depending on the soil and seedling species (Fig. 1a) . Biochar effects were always less pronounced than ash effects (Fig. 1a) . Soil moisture was much higher in the fine-textured soils (Fig. 1b) . Amendment effects on extractable soil P varied between treatments. Extractable P concentrations in the sand were three times higher than in the other two soils, for both species (Table 2 ). In the sugar maple microcosms, biochar addition had no effect, but ash addition increased extractable P in the sandy loam and silty sand by 18% and 30%, respectively (Table 2 ). In the pine microcosms, however, ash addition increased extractable P by 70% in the sand and both biochar and ash had significant positive effects in the sandy loam.
Other macronutrients (Ca, K, and Mg), as well as some micronutrients (Na and Mn) also varied between soils, with the sand microcosms typically having the lowest nutrient availability (Table 2 ). The magnitude of amendment effects was variable, but ash addition significantly increased Ca, K, and Mg concentrations in all microcosms and biochar addition significantly increased K in all microcosms (Table 2) . Ash effects on nutrient availability were generally substantially larger than biochar effects for the same soil-seedling combinations (Table 2) .
Seedling growth and nutrient content
Without amendments, sugar maple root biomass was lowest in the silty-sand microcosms, but there was no soil (and interrelated texture class) effect on aboveground biomass (Table 3) . Red pine root biomass was not affected by soil type, but pines grown in the silty sand had significantly more aboveground biomass than those in the sand or sandy loam and consequently a lower root-to-shoot ratio (Table 3 ; Fig. 2 ). Average leaf and needle surface area was similar for seedlings grown in sandy loam and silty sand, but pines grown in sand had less needle area and maples grown in sand had more leaf area, compared with the other soil types. Red pine seedlings grown in the sand also had a higher concentration of all macronutrients than pines grown in the other two soils, but the lowest total N concentration (Table 4) . Sugar maple seedlings showed less consistent trends, though maples in sand still had the highest P and lowest total N of the three soils (Table 4) .
In general, ash addition reduced root biomass of both maple and pine, though not always significantly, whereas biochar effects varied by species (Table 3,  Supplementary Table S2   1 ). Seedling responses to biochar and ash addition were also strongly dependent on soil type (Table 3, Supplementary Table S2 1 ). The largest reductions occurred in the sandy loam with 5 t ha −1 of added biochar and 40 t ha −1 of added ash (Table 3) . Red pine root responses to both biochar and ash were more Note: Values represent means (SE). Lowercase letters indicate significant differences between control soils for each seedling species. Bold font indicates a significant amendment effect.
variable, but 5 t ha −1 of biochar and 40 t ha −1 of ash in sandy loam also significantly reduced pine root biomass (Table 3) . For sugar maple, root biomass was typically negatively correlated with increasing addition rates of ash, but not biochar (Table 3, Supplementary Table S2 1 ).
Red pine root biomass was positively correlated with the biochar addition rate in the silty-sand-textured soil, with low addition rates decreasing root biomass but high addition rates increasing root biomass; this was the only positive response to treatments for either species (Table 3, Supplementary Table S2   1 ). The response of aboveground biomass to the amendments also varied by species and soil texture (Table 3,  Supplementary Table S2   1 ). Maple stem biomass was only significantly altered in the silty sand, where stem biomass was negatively correlated with the amendment rates of both biochar and ash (Table 3, Supplementary  Table S2   1 ). Maple leaf biomass had no significant correlations (Supplementary Table S2 1 ). Pine aboveground biomass also had minimal responses to biochar addition, but pine stem biomass also decreased with ash addition in the silty sand (Table 3, Supplementary Table S2   1 ). The only positive correlation between biomass and increased rates of amendments occurred for pine seedlings grown in sand-textured soil with added ash, but biochar added to pine seedlings in sand produced a significantly negative relationship (Supplementary Table S2   1 ). Leaf and needle surface area was never significantly correlated with addition rates of either amendment (Supplementary  Table S2   1 ). In contrast, root-to-shoot ratios of both seedling species had strong responses to amendments (Fig. 2 , Supplementary Table S2 1 ). In the sandy-loam and sand microcosms, both biochar and ash addition reduced the root-to-shoot ratio for sugar maples and ash addition reduced the root-to-shoot ratio for red pines (Fig. 2) . In the sand, pine root-to-shoot ratio increased with biochar addition (Fig. 2) . Responses in silty-sand microcosms were more varied (Fig. 2) . Pine seedlings had higher tissue concentrations of P than sugar maple seedlings, but exhibited smaller responses to biochar and ash addition (Table 4 ). The P content of the sugar maples grown in sandy-loam and silty-sand-textured soils was only negligibly altered by amendments (Table 4) , but biochar and ash both increased seedling P for maples grown in sand (Table 4) . In contrast, red pines in sand showed no response in P content to amendments and effects in the other soils were varied (Table 4) .
Microbial biomass
Microbial C and P were 2.5-5.5 times higher in the sandy loam and silty sand than the sand, before biochar or ash addition (Table 5) . Amendment effects on microbial C varied widely, but biochar addition did significantly reduce microbial C in microcosms planted with red pine (Table 5) . Amendment effects on microbial P were strongly soil dependent (Table 5 ). In the sandy loam and silty sand, both biochar and ash addition reduced microbial P, whereas the amendments generally increased microbial P in sand, though not always significantly (Table 5 ).
In the red pine microcosms only, microbial biomass C and P were both positively correlated with root biomass and microbial biomass P was negatively correlated with extractable P (Supplementary Table  S1 1 ). Microbial biomass C in both pine and maple Table S1 1 ).
Phosphatase activity
Across all treatments, acid phosphatase activity was higher than alkaline phosphatase activity. Acid phosphatase activity was significantly lower in treatments with sugar maple than red pine, but there was no difference among control soils (Table 5 ). Biochar and ash addition decreased acid phosphatase activity in silty sand but not in sandy loam or sand (Table 5) .
Alkaline phosphatase activity was significantly lower in sand than in either sandy loam or silty sand, but was not affected by seedling species in the control soils (Table 5) . Biochar reduced alkaline phosphatase activity in all sugar maple microcosms, whereas ash only had an effect in the sand microcosms (Table 5 ). In red pine microcosms, ash had negligible effects, but biochar significantly decreased alkaline phosphatase in the sand and significantly increased alkaline phosphatase activity in the silty sand (Table 5) . Acid phosphatase was not correlated with either microbial biomass or root biomass, but alkaline phosphatase was positively correlated with microbial C and soil moisture (Supplementary Table S1 1 ). Alkaline phosphatase was also negatively correlated with extractable P (Supplementary Table S1 1 ).
Discussion
Physicochemical, microbial, and seedling responses to both biochar and ash addition varied widely among the three soil textures, but neither amendment consistently increased seedling growth nor bioavailable P in all microcosms. In addition, sugar maple and red pine seedlings had some opposing responses to the same amendments. Overall, effects were more dependent on the seedling species and soil textural class, than on the amendment type, which was unexpected, given the inherent differences between biochar and wood ash. These results highlight the extreme importance of tailoring biochar and ash amendments to both the native soil conditions and the target tree species, to effectively use these amendments to increase tree nutrition.
Seedling growth responses to soil amendments
In the sandy loam and sand, sugar maples responded more positively to biochar and ash addition than red pines did. These responses manifested as a decline in root biomass, compared with the controls, without an accompanying decline in aboveground biomass, potentially implying that the seedlings could meet their nutrient requirements while allocating fewer resources to root growth, as a decline in root-to-shoot ratio is typically evidence of increased soil fertility (Chapin 1980) . Aboveground biomass was only +103 (58) 112 (23) significantly altered in one amended microcosm (red pine in silty sand with 40 t ash ha −1 ), indicating that while biochar and ash did not increase seedling growth during this experiment; the amendments also generally did not have negative effects. Varying responses among tree species are typical and studies have also often observed larger biochar effects on angiosperms than gymnosperms (Pluchon et al. 2014; Thomas and Gale 2015) . In this study, the different responses of the two tree species are most likely due to the variability in their nutrient requirements; the P demand of the sugar maple seedlings may have been met with the tested amendment rates, while the red pine seedlings were still P limited. However, these results do contrast with a recent meta-analysis, in which biochars were shown to have consistent, strong, growth-promoting effects, particularly in short-term seedling studies (Thomas and Gale 2015) . These positive biochar effects are typically attributed to fertilization and nutrient retention, as well as adsorption of allelopathic compounds (Pluchon et al. 2014; Thomas and Gale 2015) . The null effects observed here may have been an artifact of the seedling microcosms. For example, the biochar used in this experiment was produced in a batch reactor, which can result in condensation of toxic volatile contaminants such as benzene and toluene (Spokas et al. 2011 ). These compounds have been shown to negatively affect plant growth, especially in a small soil volume (Deenik et al. 2010; Marks et al. 2014) , which could explain the reduction of root biomass in some biochar treatments.
Biochar and ash effects on P uptake
Overall, the only microcosms that exhibited signs of increased P uptake after amendment were the maplesand pots. Despite the significant reductions in root biomass with 20 t ha −1 of biochar and 16 t ha −1 of ash, P content per unit biomass of the seedlings increased by 30%-50% relative to the controls after both biochar and ash amendment, and total P uptake was also considerably higher after ash addition. Previous studies have also found soil type and species effects on plant nutrient responses to biochar and ash. For example, Yeboah et al. (2009) discovered that biochar increased maize nutrient uptake in a sandy loam but not in a siltysandy-loam soil, Jin et al. (2016) observed stronger P response to biochar addition in silty-sand loam compared with clay loam, Jacobson et al. (2004) noticed differing effects of ash in pine-dominated forests compared with mixed-coniferous forests, and Erich and Ohno (1992) found that P uptake by corn after ash addition was higher in loamy soils than sand-textured soils. However, all of these prior studies have only tested biochar or ash addition, not both. The variable responses observed in this study may be partly due to changes in soil acidity. Seedling P effects were largest in the sand-ash microcosms, perhaps because the ash-amended soils were closest to the ideal 6.5 pH for P availability (Plante 2007; Whalen and Sampedro 2010) . The sandy loam and silty sand were initially almost 1 pH unit more acidic than the sand, so we expected those soils to have strong pH responses to the amendments (Xu et al. 2014) . In contrast, adding 20 t ha −1 of biochar to the sandy loam and silty sand in this study did not alter pH, while adding biochar to the sand increased soil pH by an average of 0.24 pH units. Phosphorus compounds are more likely to be adsorbed and removed from the soil solution when pH is below 7 (Xu et al. 2014) , which may explain why the soils that were around 4.7 after biochar addition had less P available for plant uptake. On the other hand, Erich and Ohno (1992) compared eight different soils and found that the soils with the highest pH buffering capacity had the highest rates of plant P uptake, presumably because the elevated levels of H + led to more dissolution of wood ash and thus higher amounts of P solubilization. As the sandy loam and silty sand clearly had higher buffering capacity than the sand, more P may have been released from the ash amendment in those soils, which fits with ash addition significantly increasing extractable soil P in the maple sandy-loam and silty-sand treatments. An alternative explanation is that responses were affected by initial nutrient concentrations or other aspects of soil chemistry in the three soils. For example, N-limited forest sites typically do not exhibit growth responses or increased foliar nutrient concentrations after ash addition because ash does not add N back to the soil (Jacobson et al. 2004; Wallander et al. 2005) . However, the sandy-loam soil, in particular, is known to have excess N and to be P limited Thomas 2006, 2008) , so it should thus be a strong candidate for positive responses to ash amendments, though that was not seen in this study. High concentrations of Al 3+ or Fe 3+ can also limit the PO 4 − present in the soil solution (Giesler et al. 2002) , so it is possible that the sandy loam and silty sand contained more Al and Fe than the sand, which could contribute to the lack of increased plant tissue P in those microcosms. Limited effects on soil P availability can also occur when the Ca in the added ash or biochar forms insoluble Ca phosphates (Jacobson et al. 2004; Xu et al. 2013) . Because the same ash and biochar was used for all three soils, any differences in Ca:P ratio would be resultant of the initial soil properties. For example, since the silty-sand soils were more Ca rich, initially, more of the added ash-P might be complexed. On the other hand, many microbes can solubilize Ca-P complexes, whereas very few microbes can solubilize Fe-P or Al-P complexes (Banik and Dey 1983; Kucey et al. 1989) . Heavy metals, such as those often found in ash, can also inhibit phosphomonoesterases, which could reduce P availability (Tabatabai 1994 ). However, because ash did not reduce phosphatase activity more than biochar did, it is unlikely that heavy metal concentrations were high enough to have an effect. Variability in amendment effects could also be due to secondary-compound formation from the humic material incorporated into these microcosms (Jacobson et al. 2004) or from differences in soil surface area. Biochar particles can act as a P sink when applied at a high enough rate (Parvage et al. 2013 ), but the same application rate was used in all three soils, so this is less likely to be a factor in these results. However, as the sand had the lowest initial surface area, biochar addition likely substantially increased relative surface area, which could lead to more nutrient retention. Jacobson et al. (2004) also suggested that variability could be due to differences in plant nutrient-uptake ability. Variability in P uptake between the two species could explain the differences in soil P between sugar maple and red pine microcosms.
There were no significant increases in microbial biomass P in the maple-sand pots, which likely indicates the soil microbial community may only have had a minimal role in the observed increase in plant and soil P in these microcosms, especially given the significant negative correlation between microbial biomass P and extractable soil P in the pine microcosms. However, it is possible that sorption by the biochar particles resulted in underestimation of microbial biomass in the biochar treatments (Thies et al. 2015) . Similarly, both biochar and ash addition in these microcosms significantly reduced the activity of alkaline phosphatase, which was also negatively correlated with extractable and total soil P. Acid phosphatases derive from plants, fungi, and bacteria, so changes in potential activity cannot be attributed solely to microbial responses (Nannipieri et al. 2011 ), but alkaline phosphatases are produced only by bacteria and fungi, not plants (Tabatabai 1994) . Consequently, the decline in alkaline phosphatase activity observed in this study, especially combined with the significant correlation between alkaline phosphatase activity and microbial carbon biomass, may indicate that soil microbes are playing a lesser role in P mobilization after biochar and ash addition.
However, there are limitations to using spectrophotometry to assess phosphatase activity that could impact our interpretation of these results. The source of the phosphatase enzymes is unknown, since the stabilized extracellular enzymes, i.e., those complexed with organic matter, cannot be separated from activity associated with active microbial cells (Nannipieri et al. 2011 ). In addition, biochar particles can sorb enzymes, affecting colorimetric assays (Thies et al. 2015) . Nonetheless, because microbial biomass C and alkaline phosphatase activity were significantly correlated, this may indicate that the enzymes are more likely to be produced by the extant microbial community (Taylor et al. 2002) . These methods also measure potential enzyme activity, assuming the concentration and diffusion of substrate are nonlimiting, which most likely overestimates in situ activity (Wallenstein and Weintraub 2008) . Increased enzyme activity with nutrient addition indicates more enzyme production, but it is also necessary to account for enzyme degradation, enzyme stabilization, and microbial community changes (Waldrop et al. 2000 ) that could be affected by the presence of biochar and ash. Conclusively separating acid phosphatase activity from alkaline phosphatase activity can be challenging, as well, since alkaline phosphatase can still be active at pH 6.5 (Nannipieri et al. 2011) . Similarly, alkaline phosphatase activity is strongly correlated with soil moisture, so any drying of the soil that occurred during analysis may have decreased the measured activity (Tabatabai 1994) .
In addition, this study only determined the potential activity of phosphomonoesterases, which hydrolyze organic phosphate compounds with a single ester bond, whereas a substantial portion of the P in plant-derived biochar is pyrophosphate (Qian et al. 2013; Uchimiya and Hiradate 2014) . Pyrophosphate has two ester bonds, and is thus broken down by inorganic pyrophosphatase (pyrophosphate phosphohydrolase), which is produced by bacteria and plants (Tabatabai 1994) . Even though multiple biochars have been shown to contain pyrophosphate, there have been no studies of the relationship between biochar and inorganic pyrophosphatase activity. Consequently, it is possible that microbial mineralization of pyrophosphates contributed to the increased P availability in the biochar treatments, so this needs to be addressed in future work.
Most likely, physicochemical reactions in the soil are mainly responsible for the isolated increases in bioavailable P. This corresponds to previous studies, in which biochar applied to a sandy soil increased P availability by directly releasing P from the biochar particles, in addition to indirectly by raising soil pH (Xu et al. 2013) . Ohno (1992) observed the same effects with wood ash applied to 10 acidic soils; soil P increased through a combination of direct release and ashinduced pH effects. Omil et al. (2013) also found that adding wood ash to a sandy soil increased tree growth and P nutrition due to both direct ash affects and stimulation of the soil microbial community, though that study focused on pine growth, not maple. However, to fully characterize any microbial effects on P availability in these soils, a complete P budget needs to be created, along with a detailed analysis of the functional genes present in the microbial community. In addition, while this experiment only assessed the microbial community after 12 wk, closer examinations of the dynamics of plant-soil-microbial interactions through time are likely warranted.
